On phytoplankton growth rates and particulate C : N : P ratios at low light' Abstract-In a series of continuous culture experiments involving N-limited growth of the chrysophyte Pavlova lutheri (Mono) I found that large deviations in cellular C : N : P ratios from the Redfield ratio of 106 : 16 : 1 occurred only as a function of low relative growth rate and not of low light intensity. By contrast, light-limited phytoplankton in continuous culture can attain the Redfield chemical proportions at all combinations of light intensity and dilution rate. Because the absolute magnitude of the maximum growth rate is variable with respect to light intensity and other abiotic factors, the chemical composition of particulate matter can be used as a diagnostic tool to estimate the degree of nutrient deficiency of both laboratory-grown and natural phytoplankton populations at all light intensities. There is an abundance of data from recent oceanic studies to substantiate the possibility that the chemical composition of oceanic phytoplankton typically is in the Redfield proportions. These results support the hypothesis that oceanic phytoplankters are growing at relative growth rates close to unity.
It is well documented that the chemical composition of phytoplankton species in culture varies tremendously as a function of the degree of nitrogen or phosphorus limitation and approaches the Redfield proportions of C106N16P, when steady state dilu- ' Contribution 6083 from the Woods Hole Oceanographic Institution. This research was supported by NSF grants OCE 83-8578 and OCE 85-l 1283. tion rates (=growth rates) are close to the washout rate D, (=b the maximum growth rate) (Goldman et al. 1979) . Because the chemical composition of particulate matter in surface waters of the ocean frequently is close to the Redfield proportions, it has been suggested that growth rates of resident phytoplankton populations are close to the maximum possible and are not controlled by the availability of nitrogen or phosphorus (Goldman et al. 1979) . Clearly, this argument is valid only for steady state conditions. Such conditions are met in the laboratory with continuous culture, and in nature they are characteristic of pelagic surface waters where phytoplankton growth, herbivore grazing, and nutrient regeneration are in reasonable balance on a temporal basis (Goldman 1984a, b ).
An additional proviso is that b is not a constant, but is variable with respect to abiotic factors such as light intensity and temperature. Changes in the chemical composition of phytoplankton would be expected to occur as a function of the relative growth rate SL. : I;(ZJ and not of the absolute rate I;(ZJ when, for example, light intensity I, is variable (Goldman 1980) . In this example, b(Z,) denotes that b is a function of I, and reaches a maximum value at light saturation. Hence, a culture of a given species grown at high light intensity should be expected to have the same chemical com-position as when grown at much lower light intensity so long as both cultures were maintained at the same relative growth rate.
To date, virtually all of the laboratory data in support of high relative growth rates in marine waters come from continuous culture experiments where light intensities were kept at near or above saturating levels (Goldman et al. 1979 ). The tacit assumption has been that light intensity, other than in controlling I;(ZO), plays no role in influencing the relationship between relative growth rate and the chemical composition of a phytoplankton cell. Thus, by my definition of relative growth rate, nutrient-sufficient phototrophs at the base of the euphotic zone of pelagic waters, where light intensities are a small fraction of incident irradiation, should still be growing at h : b(ZO) close to unity while displaying the Redfield proportions, even though the absolute G(Z,) would be a small fraction of fi(ZO) at light saturation. The recent refutation of this concept by Tett et al. (1985) based on experiments showing attainment of the Redfield ratio in a phytoplankton culture that was nutrient replete but maintained both at relative growth rates which they believed were between 0.2 and 0.3 and under very low light intensities, stems from a gross misunderstanding of the variable nature of b. In principle, each dilution rate is adjusted to become b(ZO) when light is limiting by changes in I0 though cell self-shading.
A far more interesting and important question centers on how the chemical composition of nutrient-limited phytoplankton in continuous culture might vary as a function both of decreasing light and of varying dilution rate. Conceivably, changes in the chemical composition of nutrient-limited phytoplankton cultures which occur as a function of p : I;(Z,) at very low light intensities may be so small that deviations from the Redfield proportions could easily go undetected. Then, a plausible case against high relative growth rates could be advanced on the grounds that the chemical composition of particulate matter from the base of the euphotic zone, where light levels are low, might still appear to be close to the Redfield ratios if resident phytoplankton were nutrient limited and growing at relative rates Pavlova lutheri (Mono) originally came from the culture collection of R. R. L. Guillard when he was at the Woods Hole Oceanographic Institution. All culture conditions were exactly as described previously (Goldman and McCarthy 1978; Goldman and Peavey 1979) . Continuous cultures were kept at 20°C by circulating temperaturecontrolled water through glass water jackets outside of each culture. Light was provided by a bank of six Vite-Lite "cool-white" fluorescent bulbs placed horizontally. The cultures were 0.5-liter cylindrical vessels placed in a vertical position perpendicular to the bulbs (see figure 1 of Goldman et al. 1982) . Light intensity was adjusted with layers of neutral-density window screening wrapped around each glass vessel.
Light intensity was measured directly in the cultures with a Biospherical Instruments QSL-100 47r sensor. Previous measurements had been made in air adjacent to the cultures and I, was reported to be 470 PEinst rnp2 s-l. However, it was discovered that light intensities were considerably greater and more variable in culture than in air due to uneven light reaching the cultures and to a focusing effect caused by the transmission of light from air to water through the cylindrical glass vessel (Goldman and Dennett 1986) . Average light intensities, determined by graphical integration of vertical profiles of scalar irradiance taken at the culture center and at 90" intervals along the inner glass circumference, varied from 636 PEinst rnp2 s-l with no screening to 30 with five wraps of screens. These estimates, although a significant improvement over single readings, still are imprecise given the uncertainties of the calculations.
Cultures were grown under nitrogen limitation (N : P = 15 : 1) by nominal additions of 100 pg-atoms liter-l NH4+ and 6.7 hgatoms liter-l PO, 3-to the medium (actual additions were 98.5 pg-atoms liter-l NH,+ Notes Scalar /rrad;ance (Droop 1974; Burmaster 1979; Goldman et al. 1979; Tett et al. 1985) . The relationship between I;(ZJ and I0 at subsaturating intensities, however, was greatly different from that reported by Tett et al. (1985) . The light intensities used by Tett et al. (198 5) originally were measured by Droop et al. (1982) with a Lamda Instruments Ll192s sensor and cosine collector. Although this instrument is designed for measuring scalar irradiance, light intensities were reported in units of W m-2 by assuming that the average wavelength received was 5 59 nm (Droop et al. 1982) . Thus, when I con- (Fig. 1) . Although it is difficult to reconcile these differences because the same light-saturated b(ZO) was obtained in both studies, they may be related to differences in the way light intensities were measured or perhaps to differences in the photosynthetic characteristics of the different clones of P. lutheri at low light levels.
Dilution rates in the current study were adjusted so that steady state biomass concentrations were attained when the cultures were grown at light intensities between 60 and 3 50 PEinst rnp2 s-l, but kept at the same relative growth rate [D: I;(ZJ = 0.24-0.291 (Table 1) . Biomass levels (particulate C and cell concentrations) and particulate chemical composition ratios (C : N : P and C : N) were virtually identical at the three highest scalar n-radiances (120, 180, and 350 PEinst me2 s-l). In each case, strong N limitation was evident as the phytoplankton C : N ra-. tios by atoms were > 17 : 1 (see figure 6 of Goldman 1980) and the corresponding C : P ratios were between 229 : 1 and 267 : 1, values far in excess of the Redfield proportions (C:N = 6.6: 1, C:P = 106: 1). The N : P ratios (13.5 : 1-14.2 : l), in contrast, were close to the medium N : P ratio of 14.8 : 1 (and the Redfield proportion of 16 : 1). This latter result has little bearing on whether cellular chemical composition can be used diagnostically to determine relative growth rate because a common feature of N-limited continuous cultures is that nitrogen and phosphorus are taken up by phytoplankton in the same ratio as they are supplied to the culture. This occurs at all relative growth rates even though the C : P and C : N ratios are greatly elevated over the Redfield proportions when D : j2 is in the range of severe N limitation (Goldman et al. 1979) .
When the cultures were exposed to the lowest light intensity of 60 PEinst m-2 s-l (Table 1) .
It is impossible to attribute any significance to the change in cellular composition at the lowest light intensity because only one measurement of C : N : P ratio was made in each experiment. However, one subtle cause of the observed change in the C : N : P ratio may have been cell self-shading. Indeed, light intensities within the cultures at the lowest light levels were reduced to 40 PEinst m-2 ssl when D was 0.09 d-' and to 37 when D was reduced to 0.06 d-l. Hence, large reductions in culture light intensity in the range where b(Z,) was linearly related to IO (Fig. l) , coupled with small changes in D, could have had a major impact on the magnitude of the true relative growth rate and the resulting C : N : P ratio. I suspect that similar problems existed in the study of Tett et al. (1985) , where up to an order of magnitude higher cell concentrations were attained at steady state than those I measured (Table 1 ). Such problems are characteristic of the difficulties encountered in continuous culture studies at low light intensities.
It appears unequivocal, however, that deviations from the Redfield proportions in the chrysophyte P. Zutheri occur solely as a function of the relative growth rate and not oflight intensity itself. Only nutrient-replete cells are capable of attaining the Redfield proportions of C106N16P1. In the steady state continuous culture this can occur at any dilution rate and light intensity when light is the sole limiting factor. In nature it occurs only when cells are growing at or close to p:ji(Zo) = 1, e ven though I;(Zo) may be very small.
To dramatize the above point, consider how the growth rate of an idealized phytoplankton species with growth characteristics similar to those of P. lutheri might vary with depth in an oligotrophic water like the Sargasso Sea when nutrients were in excess. Surface irradiance I, at midday on a clear spring-summer day in the Sargasso typically is about 3,000 PEinst m-2 s-l. Attenuation of this light, based on actual measurements, is such that the 10% light level occurs at about 30 m and the 1% light level (the base of the euphotic zone) at about 65 m. Thus, with the relationship between b(Zo) and IO from fashion to the threshold light intensity, which in this case was coincident with the 1% light level (Fig. 2) . It is important to recognize that the curve of varying I;(ZJ with depth represents an isopleth of constant p : b(Zo) = 1, so that the chemical composition of this species would be expected to remain relatively constant in Redfield proportions throughout the euphotic zone.
Measurements of absolute growth rates of phytoplankton in pelagic surface waters have been extremely difficult to make in the past because of the tight coupling between phototrophs and heterotrophs (including grazers) (Goldman et al. 1979; Harris 1984) . Relative growth rates have been even more difficult to measure because of the added uncertainty as to how b might vary with species, temperature, and light intensity in a rapidly changing natural environment. Given these problems, virtually all of the historical growth rate data for pelagic waters must be viewed with extreme caution (Goldman et al. 1979) . Similarly, criticisms of the b-Redfield relation that are based on measurements of low p: I;(ZJ in coastal waters or lakes (e.g. Braunwarth and Sommer 1985; Lehman and Sandgren 1985) are not relevant to the question of how fast phytoplankton grow in pelagic surface waters. This is because imbalances between phytoplankton and grazer populations exist in such waters due to seasonal changes in the supply of nutrients.
Perhaps the most compelling recent evidence in favor of high growth rates in pelagic waters comes from the recent PRPOOS (planktonic rate processes in oligotrophic oceans) study where a data set was compiled on both particulate chemical composition and phytoplankton growth rates (Laws et al. 1984) . Relative growth rates of phytoplankton from six stations in oligotrophic Hawaiian coastal waters ranged from 0.7 to 1 .O in over 70% of 22 measurements of growth rate involving five different techniques. At the same time the particulate C : N ratios averaged 7.2 by atoms (range 6.8-7.6) at the six stations, and the C : N : P ratios were 8 1 : 10.9: 1, 102: 13.4: 1, and 138: 19.6: 1 at three of four stations where particulate P also was measured. The C : N : P ratio was 209 : 29.2 : 1 at the fourth station, although there was no indication of nutrient limitation at this station from the measurements of relative growth rate.
Additional evidence that the chemical composition of oceanic surface waters frequently is in the Redfield proportions can be found in two recent large-scale surveys. Whether based on direct measurements of particulates in numerous water bodies (Copin-Montegut and Copin-Montegut 1983) or comparisons of preformed and observed concentrations of nutrients along density surfaces in the Atlantic and Indian oceans (Takahashi et al. 1985) , the chemical composition of organic matter in all the water bodies studied was remarkably close to the Redfield proportions: 98 : 16 : 1 based on 600 particulate samples from surface (O-100 m) waters and 140: 16: 1 from 162 measurements of chemical changes below the euphotic zone. These results are in complete accord with earlier compilations of data on the chemistry of oceanic particulates (Goldman et al. 1979; Goldman 1980) , and, for reasons cited earlier (Goldman 1980) , they most likely represent the chemical composition of the living phytoplankton fraction.
Although the results of this study together with the contemporary particulate chemistry data are not offered as unequivical proof that phytoplankters in pelagic waters are growing at p : fi(ZO) close to unity, they strengthen considerably the possibility that the chemical composition of particulate matter can be used as a diagnostic tool to estimate the physiological state of phytoplankton in oceanic waters as well as in laboratory continuous cultures. At a minimum, the results reported here provide some perspective on how absolute and relative growth rates of phytoplankton and the C : N : P ratios of particulate matter may, or may not, vary as a function of light intensity in the water column.
